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Mo;va;on: The Uranium oxide layer controls U‐hydriding. We 
need non‐destruc;ve tools to understand and measure it. 

U 

U-oxide 

U-Fe U-Si 
U-C 

Uranium 
hydride 

•  The local proper;es of the oxide layer on uranium  
•   its moiety,its thickness, its impurity content, its integrity 

•   control the local ini;a;on ;me of Uranium hydriding,   
•   at he site with he lowest hydrogen diffusion impedance 

–   Uranium has many impuri6es and oxida6on states 

•  Op;cal techniques have high (< 10µm) spa;al resolu;on 
•  To make use of them it is essen;al to know the op;cal constants of 
the different uranium oxida;on states (moie;es) 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Summary: We analyze UO2 by ellipsometry and Raman spectroscopy 
and conclude that the literature values of 1) the op;cal constants of UO2 
and 2)the low temperature oxida;on rate of UO2 are probably incorrect.  

•  1) UO2 is the simplest oxide moiety. We measured the op;cal 
constants ε1,ε2 of the [111] surface of a single crystal of UO2 using 
ellipsometry. Our values disagree with the only literature values, 
Schoenes (J.Appl.Phys.49,1978)  
–  Schoenes used near normal incidence reflec;vity between .03 and 

13eV of vacuum annealed [111] UO2 to derive its dielectric 
constants ε1,ε2 by means of the Kramers‐Kronig rela;on 

–  We used Raman spectroscopy at normal and off‐normal (75°) 
incidence to prove our sample to be UO2 

UO2 U3O7 
•  2) We examined the oxida;on of a UO2 (111) surface aeer 
exposure to air for ~ 25 years at room temperature. 
Literature1 predicts a 8nm thick U3O7 layer. Our data 
disagree: Raman spectra acquired at 633 nm and at angles 
of incidence of 0o and 75o are consistent with pure UO2  

1Poulesquen, A., L. Desgranges, et al. (2007). J. Nuclear Materials 362(2-3): 402-410. 
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Our sample: a small piece of single 
crystal UO2 [111], mechanically 
polished at LANL*, exposed to air 

since ~ 1984 

•  * Courtesy of Dr. R. 
Schulze, LANL 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The sample is pure [111] UO2: it shows at low and high power only UO2+0 
Raman lines (632 nm laser) at low and high resolu;on, even at 75° off‐normal 
laser incidence, where 28% of the signal originates from 7 nm near the surface. 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Our [111] UO2 sample shows  none of the  Raman lines characteris;c of 
hyper‐stoichiometric Uranium oxide, it is consistent only with UO2+<05 

D. Manara, B. Renker 
J.Of Nucl. Materials 
321(2003) 233‐237 

In contrast: Our 
Raman spectra do 
NOT show any 
shift at 232, 445, 
nor near 
1150cm-1 , 
NEITHER the 
appearance of a 
peak near 750cm-1 
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Our [111] UO2 sample shows –even at 75° off‐normal incidence‐  none 
of the  Raman lines characteris;c of “oxidized” UO2 , 

 as defined by Allen et al. 

Allen, G. C., Butler, 
I.S., Anh Tuan, N. 
J. Of Nuclear 
Materials 
144 (1987) 17‐19 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We use ellipsometric spectroscopy (a very robust technique compared 
to Schoene’s reflectrometry)  to get UO2’s complex reflec;on coefficient 
ρ as f( photon energy) and  (n,k,ε1,ε2)  by fisng op;cal models to data.  

Rp, Rs are the complex Fresnel 
reflection coefficients 

Unclassified 



Two independent models were used: 1) Cauchy‐Urbach plus point by 
point extension {Kramers‐Kronig checked}, 2) Gauss‐ or Lorentz 
Oscillators 
1)  Cauchy’s equa6on 

is an empirical rela;onship between the refrac;ve index n and the wavelength λ of a 
transparent material. A, B, C .. are coefficients determined by fi:ng to measured op;cal 
parameters. In a wavelength range where a material is slightly absorbing “Urbach 
ex;nc;on” is used to describe the ex;nc;on coefficient k. 

2)   The Urbach equa6on adds absorp*on 

3)  Kramers‐Kronig consistency of n and k (and hence ε1, ε2 ) is confirmed by checking that indeed 

4)  Gauss‐Lorentz and Tauc‐Lorentz oscillators …. 
model significant absorp;on in the spectral  
range of interest, due to either molecular 
 vibra;ons or electronic absorp;on bands. 
 A Lorentz oscillator, centered at 3 eV,  
is shown in figure A‐> in the ε1, ε2 
photon energy representa;on. 

€ 

n(λ) = A +
B
λ2

+
C
λ3

+ .....

€ 

k(λ) = Ake
B (E−Ek ),     E =

1240
λ

,   and Ek =
1240
λk

€ 

ε1(E) −1=
2
π
P E 'ε2(E ' )

E ' 2 − E 2 dE
',   where P is a constant

0

∞

∫
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Ellipsometric data (Δ and Ψ) were taken under two different condi;ons 

Unclassified 

•  Experimental condi;on 1:”isotropic” 
–  Assumes the sample to be isotropic ( as UO2 with 

a cubic (fluorite) crystal structure should be )  

•  Experimental condi;on 2: “isotropic + 
depolariza;on” 

–  Makes no assump;on about the crystal structure 

•  If the results differ, it implies that the sample 
contains non‐isotropic features 



Ellipsometric data taken with and without depolariza;on produce 
substan;ally different dielectric constants, both different from 
Schoene’s results. Our sample contains non‐isotropic (i.e. non‐cubic) 
features – which do NOT appear to influence Raman spectra 

Black curves: ε1 and ε2 
for experimental condi‐
6on 1: “isotropic”. Fit to 
Cauchy or General osci‐
llator models 
Red curves: ε1 and ε2 
for experimental con-
dition 2:” isotropic
+depolarization. Fit to 
a Cauchy or a General 
oscillator model 
Blue curves: 
Schoene’s ε1 and ε2 
values. Zero values of 
ε2 below 2 eV imply 
that the UO2 is 
transparent there. 
Our sample is NOT 
transparent, see next 
viewgraph. 
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Transmissivity measurements with a HP spectrophotometer show that 
our UO sample is NOT transparent at energies above 0.5 eV 

Unclassified 
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Did oxida;on of UO2 cause the difference between our 
ellipsometry results and Schoene’s data? 

1)  

[UO2] [U3O7] 

•  Literature predicts by extrapolation from higher 
temperatures an U3O7 layer greater than 8 nm thick after 
exposure to air for 25 years at 300 K.  

?
?

Unclassified 



€ 

dSignalgen (x) = I0σ (λ)e−α(λ)x / cosβ

dSignalgen (x)out = I0σ (λ)e−2α(λ)x / cosβ

Signalout = I0σ(λ)e−2α(λ)x / cosβdx
0

∞

∫ =
cosβ
2α(λ)

dSignalgen (x)out ,normalized =
dSignalgen (x)out

Signalout
=

2α(λ)e−2α(λ)x / cosβ

cosβ

Signalout AverageDepth =< x >SignalOutAverage= x
0

∞

∫ 2α(λ)e−2α(λ)x / cosβ

cosβ
At λ = 632 nm(Raman), k = .3, β = 0,α(λ) = 4πk/λ,< x >SignalOutAverage= 83.82nm
At λ = 225 nm(Ellipsometry),kmax =1.2,β = 70°,α = 4πk/λ,< x >SignalOutAverage= 2.55nm

The Raman spectrum of UO2 at 632 nm is not very surface‐sensi;ve: it 
originates from an average depth of 84nm, while the ellipsometry signal at the 

highest energy (5.5eV) comes from an average depth of 2.6 nm   

Both the incoming and the exi;ng light of wavelength λ is ayenuated by the substrate 
dSignalgen(x)     = op;cal signal generated at depth x 
α(λ)                   = absorp;on coefficient at wavelength λ = 4πκ/λ �
σ(λ)                 = Raman or scayering cross‐sec;on at wavelength λ�
dSignalgen(x) out= op;cal signal generated at depth and emerging from the surface  

x 
dx 

β
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Raman spectroscopy at 75° off‐normal incidence showed that 
the U3O7 oxide layer is much thinner than literature predicts. 

[UO2] [U3O7] 

•  Raman spectroscopy was done at 75° off-normal incidence using 
632nm (k=.3) and 457nm (k=.45) laser light 
•  The measured optical absorption k (k=.3 @632nm, k=.45@ 457nm) 
was used to calculate the average depth of the Raman signal 

•  @ 632 nm 35% of the signal originates in the first 8nm 
•  @ 457 nm 54% of the signal originates in the first 8nm 

•  Nevertheless:  Raman spectra showed pure UO2+0 values 
•  Hence: the U3O7 layer is much thinner than literature predicts 

•  and our optical constants do correctly represent UO2 

?
?

75° 

Raman spectroscopy 
at 75° off-normal Unclassified 



                                                    Conclusion 
Raman analysis of [111] UO2 exposed 25 years to air shows only UO2 lines.  
1) the oxida;on rate of UO2 to U3O7 is slower @ 300 K than listed in literature.  
2) Ellipsometry’s dielectric constants differ substan;ally from Schoene’s, and 
implying that this sample contains non‐cubic features.  

2) Ellipsometric measurements of ε1 and ε2 (black 
and red) of UO2 [111], show substantial 
disagreement with Schoenes’ values (solid lines) 
calculated from near-normal reflectance. Schoenes, J. 
(1978). "Optical-Properties and Electronic-Structure of UO2." Journal 
of Applied Physics 49(3): 1463-1465. 

1)  

[UO2] [U3O7] 

•  Literature predicts by extrapolation 
from higher temperatures an U3O7 
layer greater than 8 nm thick after 
exposure to air for 25 years at 300 K.  
•  Raman analysis at O° and 75° angle 
of incidence finds only UO2 

•  The extrapolation over-
estimates U3O7 growth @ 300K 

• Poulesquen, A., L. Desgranges, et al. (2007). "An 
improved model to evaluate the oxidation kinetics 
of uranium dioxide during dry storage." Journal of 
Nuclear Materials 362(2-3): 402-410. 

Unclassified 


